At present coal gas with high calorific value is used in ignition (CGI) of iron ore sintering, which brings about problems of high energy consumption and environmental pollution. In this paper, the ignition model using microwave heating (MHI) was developed. Took raw materials of a domestic sintering plant as sample, model calculations showed that the minimum ignition temperature was 638.54°C and the energy consumption was 42.03 MJ/m 2 for MHI process in ignition time of 1.5 min. According to the sintering experiments, with ignition at 660°C for 1.5 min the main indexes of sinter qualities and production in MHI were better than those of CGI (1 050°C) process. And the ignition energy consumption (IEC) in MHI was 43.77 MJ/m 2 , which was far less than 185.13 MJ/m 2 of CGI. Results also show other advantages of sufficient combustion of coke, better mineralized sinter and less polluted flue gas in MHI process.
Introduction
In iron ore sintering, ignition is to supply upper feed with sufficient heat to ensure the coke combustion and materials sintering. And with air draft, the sintering proceeds from upper feed to lower completely.
1) The energy consumption of conventional iron ore ignition using coal gas (CGI) in the present sintering plant is as high as 5%-10% of the total energy consumption of the whole sintering process. Furthermore, a lot of harmful gases (CO2, SO2, NOx, etc.) are emitted. So reduce the energy consumption and environmental pollution of sintering ignition is significant to the development of iron and steel industry. 2, 3) In recent years many researches on developing new ignition furnace and improving ignition techniques have been done, including use high efficiency burner, choose rational ignition parameters and combustion fuels. [4] [5] [6] [7] [8] However, the utilization of ignition energy is still low and contaminated gases are not reduced essentially.
With the advantages of selectivity, integration, instantaneity and high energy utilization, microwave heating technology is widely used in metallurgical fields. 9) Pickles C. A. 10) studied drying of iron ore by microwave heating and concluded that the efficiency and energy consumption were significantly improved comparing with conventional drying methods. And the electromagnetic field effect of microwave was found to improve the movement and growing up of nickel-iron grains in the reduction roasting of nickeliferous laterite briquette by microwave heating.
11) Ishizaki 12) held that composite of hematite and carbon can be heated and reduced rapidly by microwave heating. And in industrial simulating of reduction of iron ore pellets with coal, microwave heating manifested advantages of higher efficiency, lower energy consumption and better products quality compared with the traditional blast furnace. 13) Z. C. Huang [14] [15] [16] also developed a shaft furnace for coal-based direct reduction of iron ore pellets by microwave heating and revealed that the reduction process can be significantly fastened and enhanced. In this paper, ignition of iron ore sintering by microwave heating (MHI) was carried out. Characteristics and advantages of the MHI technology were researched. And the heating model of sintering feed during ignition was established.
Experimental

Raw Materials
The raw materials were taken from a domestic sintering plant. The chemical compositions of mixed iron ores were presented in Table 1 . Analysis of coke powder was shown in Table 2 . The basicity, moisture content and coke powder dosage of the sinter mixtures was 1.90, 7.6 mass% and 3.8 mass% respectively.
Experimental Methods
The schematic diagram of the iron ore ignition in MHI process was given in Fig. 1. And Fig. 2 showed the experimental apparatus. In order to simulating the temperature of exhaust from rotating annual cooler, airflow was firstly preheated to about 300°C in a shaft furnace. Then the airflow was further heated in a microwave heat reactor. In the reactor porous ceramics were heated by microwave resource with variable power of 0-9 kw and frequency of 2 450 MHz, airflow was heated via heat exchange with the ceramic materials and then conducted to the sinter pot with diameter of 150 mm and height of 600 mm. As the coke powder in sinter mixtures was ignited, sintering proceeded from upper feed to lower. The ignition temperature represented by temperature of hot airflow was tested at the airflow export (shown in Fig. 1 ) and exhaust during ignition was analyzed at the bottom of sinter pot.
The main evaluation indexes of sintering process were vertical sintering speed (VSS), ISO tumble index (TI), yield and productivity. The microstructure and mineral composition of sinter were measured by employing equipments of optical microscope (Leica DMRXP). The residual carbon in surface layer was tested. Sintering flue gas during ignition process was online analyzed by MRU Gas analyzer (VARIO plus). Ignition energy consumption (IEC) means the total energy consumption for igniting sintering material of unit area in 1.5 min. The IEC of MHI process and CGI process can be calculated by Eqs. (1) and (2) 
Simulation of the MHI Process
This model is based on the following assumptions: 1, 17) (1) Taking ignition point of coke as the reference temperature, heat income and expense during ignition is calculated respectively. If the heat income is greater than expense, coke powder in sintering mixtures will be fired successfully.
(2) Ignition process could heat sintering mixtures at depth of 30 mm with VSS of 20 mm/min and ignition time of 1.5 min, according to the ignition parameters of a domestic sintering plant.
(3) Sintering mixtures are evenly divided into three units (shown in Fig. 3 ). The 1 st unit (0-10 mm) receives ignition heat in 0-0.5 min, that is 1/3 of the total ignition heat. The 1 st unit (0-10 mm) and 2 nd unit (10-20 mm) receives half of the ignition heat in 0.5-1 min, that is 1/6 of the total ignition heat respectively. And ignition heat in 1-1.5 min distributes to the three units equally. Thus, each unit obtains 1/9 of the total ignition heat in 1-1.5 min. The specific heat distribution of ignition is shown in Table 3 .
Theoretical calculations of the MHI process are consisted of two parts. The first, calculations of the minimum heat and temperature needs during ignition, which base on the heat balance of the 1 st unit. The second, calculating the heat balance of all three units to determine whether coke in the 2 nd unit and 3 rd unit can be ignited on the premise of ignition in the 1 st unit, and obtain the temperatures of the three units at the end of ignition. 
Heat income contains ignition heat, physical heat of sintering mixtures, combustion heat of coke and other chemical reaction heat. In addition, heat brought by the flue gas and sinter from upper units could be included into the heat income for the 2 nd and 3 rd units. Heat loss includes evaporation heat of moisture, decomposition heat of carbonate, physical heat of sinter, heat brought away by flue gas, heat loss of residual carbon and others. Schematic diagram of heat balance calculation is shown in Fig. 4. For the 2 nd and 3 rd units, heat income also includes the heat brought by the flue gas (Q5) and heat brought by sinter from upper units (Q6), which can be calculated by Eqs. (7) and (8) And heat brought away by flue gas (Q10), heat loss of residual carbon (Q11) and other heat loss (Q12) can be expressed as Eqs. (13), (14) and (15) According to the above calculations, with the minimum ignition heat of 42.03 MJ/m 2 and temperature of 638.54°C, the 1 st unit can be ignited successfully.
Calculations of the Minimum Heat and
Calculations of Heat Balance for Three Units
According to the thermocouple tests, each sinter unit may reach a maximum temperature in 1.5 min. Considering vertical sintering speed of 20 mm/min, the heat brought by flue gas of each unit should be obtained by the following three units. And the heat distribution ratio in the following three units can be determined to be 45%, 35% and 20% respectively on the basis of temperature rise curves. The heat brought by sinter due to the air heated by the upper sinter during cooling process. As the temperature of sinter decreases gently (last about 5 min), so that the following 10 units can get the heat brought by sinter. Also according to temperature curves the heat distribution ratio in the following 10 units can be determined to be 16%, 15%, 13%, 12%, 
10%, 9%, 7%, 6%, 4%, 3% respectively. And the heat distributions in all units obey these rules with sintering proceeds. 1, 17) So heat brought by the flue gas of the 1 st unit is distributed to the 2 nd and 3 rd units with proportion of 45% and 35% respectively. And 16% of physical heat of the 1 st unit sinter is brought to the 2 nd unit, 15% of which is brought to the 3 rd unit. The heat distribution of three units during MHI at 640°C is shown in Table 4 . And temperatures of three sinter units under various ignition temperatures are shown in Fig. 5 .
As can be seen from Table 4 , heat income balances with heat loss in each unit at the ignition temperature of 640°C. And temperature in the 2 nd unit and 3 rd unit reaches 960°C and 1 047°C respectively (as shown in Fig. 5 ), which has met the conditions for the formation of calcium ferrite. So sintering mixtures could be ignited successfully at 640°C in the MHI process. As ignition temperature rise to 800°C, temperature of the 3 rd unit reaches 1 253°C, which is equivalent with that of the 3 rd unit in CGI process.
Results of Sinter Pot Test
Effect of MHI on Sintering Indexes
Experiments of MHI and CGI of iron ore sintering were carried out with ignition time of 1.5 min. Sintering indexes including ignition energy consumption (IEC), vertical sintering speed (VSS), ISO tumble index (TI), yield and productivity of MHI and CGI processes were studied. The final results are presented in Table 5 .
From Table 5 , the VSS and productivity is 24.23 mm/min and 1.83 t/(m 2 ·h) respectively in MHI process, which are almost equivalent with those of CGI process. As for the main indexes of sinter qualities and output, the TI and yield of MHI process are better. The IEC of CGI is 185.13 MJ/m 2 . However IEC of MHI is obviously decreased to 43.77 MJ/m 2 which is only 23.64% of the former.
Effect of MHI on Microstructure of Sinter
According to the analysis of upper sinter ore (0-30 mm) with optical microscope and SEM, the mineral composition including hematite, magnetite, calcium ferrite, kirschsteinite, magnesium ferrite, calcium silicate and vitreous are shown in Table 6 . Microstructures of upper sinter (0-30 mm) in MHI process and CGI process are presented respectively in Figs. 6 and 7 .
In sinter of MHI process, calcium ferrite with high strength and high reducibility were widely distributed (shown in Fig. 6(a) ). At the time of hematite particles connected and crystallized to be dense structure (Fig. 6(b) ), well distributed small pores were also formed (Fig. 6(c) ). Small amount of calcium silicate existed in the aggregation of magnetite (Fig. 6(d) ).
In sinter of CGI process, small hematite particles and several big pores were separately distributed ( Fig. 7(a) ). Some irregular hematite and calcium ferrite bonded to be aggregation (Fig. 7(b) ). And small amount of calcium silicate were found in massive magnetite (Fig. 7(c) ). Furthermore, needle and long strip shape calcium ferrite commonly existed in the aggregation of calcium silicate (Fig. 7(d) ), which was the main existing form of calcium ferrite in sinter sample.
Comparing two samples, there were more hematite and calcium ferrite and less magnetite and kirschsteinite in sinter of MHI process. In addition, well crystallized hematite and evenly distributed pores in sinter of MHI also effectively improved the strength and reducibility of sinter. Magnetite and kirschsteinite which with bad reducibility should be avoid in the sintering process. To be consequence, the structure of sinter in MHI process was generally superior to that of sinter in CGI process.
Effect of MHI on Combustion of Coke
Residual carbon in the upper sinter ore (0-30 mm) of MHI process and CGI process were tested along with the sinter depth as shown in Fig. 8 . It can be seen from Fig. 8 , residual carbon decreased with the depth of sinter in both ignition processes. As the temperature rise due to the "heat storage" effect in sintering process, more coke was burnt with sinter depth increase. What is more, residual carbon in MHI was much less than that of CGI. With oxygen volume content changes from 5%-30%, ignition temperature of coke can be calculated by the following equation : 1) T = 975 -190log10[O2%] (°C). So the increase of oxygen volume content in MHI can reduce ignition temperature on the one hand and promote combustion of coke to provide sufficient heat for the sintering process on the other.
Effect of MHI on Composition of Flue Gas
As ignition time was fixed at 1.5 min, the content of O2, SO2 and NOx in flue gas generated in MHI and CGI were analyzed by MRU Gas Analyzer (Vario Plus). The results were plotted in Fig. 9 .
It can be seen from Fig. 9 , compared with CGI, O2 content was much more in flue gas of MHI, while SO2 and NOx were obviously less. As burning of coal gas during ignition caused a mass of O2 consumption, so high temperature was demanded to ensure the ignition in CGI process. Moreover, compounds contain S, N, etc. in coal gas also directly lead to pollution of SO2 and NOx in flue gas. However, hot air with O2 content of 21% was the ignition medium in MHI process, which indicating coke can be burnt more sufficiently at lower temperature and less pollution (SO2, NOx) would be produced in the MHI (as shown in Fig. 9 ).
Conclusions
In this study, the ignition of iron ore sintering by microwave heating (MHI) was developed. And the heating model of this process was established. In addition, sinter pot tests of MHI and CGI were also researched. As a result, the following conclusions were obtained:
(1) According to model calculations, sintering mixtures can be ignited and sintered successfully in MHI at the minimum ignition temperature of 638.54°C with ignition time of 1.5 min, correspondingly the ignition energy consumption is 42.03 MJ/m 2 . As ignition temperature rise to 800°C, temperature of sintering mixtures at 30 mm reaches 1 253°C, which is equivalent with that in CGI process.
(2) Experimentally, with ignition time of 1.5 min the TI and yield of MHI process (ignition at 660°C) are better than those of CGI process (ignition at 1 050°C), the VSS and productivity are almost the same. Furthermore, ignition energy consumption in MHI is decreased to 43.77 MJ/m 2 which only accounts for 23.64% of that in CGI.
(3) Microstructure and mineral composition analysis show that since hematite and calcium ferrite are crystallized more perfectly, as well as less magnetite and kirschsteinite are formed. The microstructure of sinter in MHI process is generally superior to that of CGI.
(4) As the high content of O2 in MHI process, coke can be burnt more sufficiently at lower temperature and less pollution (SO2, NOx) would be generated. 
